1. Introduction {#sec1}
===============

Overweight and obesity are chronic and costly inflammatory diseases \[[@bib1]\]. C57BL/6J mice fed with food enriched in chicken-derived fat show central adiposity, systemic oxidative stress/inflammation, insulin resistance, and liver steatosis resembling most of the key features of the human metabolic syndrome \[[@bib2]\]. In recent years, our research team and other authors have described specific changes in spermatogenesis in fat-fed animals that lead to low sperm count and abnormal sperm morphology, among other changes \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]\]. Although obesity is known to be a chronic inflammatory disease that causes oxidative stress in several tissues including the testicle \[[@bib10]\], its influence on the last stages of spermatogenesis (spermiogenesis stage) has not yet been accurately reported \[[@bib11], [@bib12], [@bib13]\].

The shaping of the mammalian sperm head involves the elongation and condensation of the spermatid nucleus, associated with the transitory appearance of a microtubular complex called manchette that participates in the development of the acrosome \[[@bib14], [@bib15]\]. The manchette consists of a perinuclear ring (PR) with inserted microtubules, and is found underlying the marginal ring (MR) of the acroplaxome. The acroplaxome is a bent plate of actin filaments that surrounds the spermatid nucleus and anchors the developing acrosome \[[@bib14]\]. During spermatid elongation, the two overlapping rings reduce their diameter to fit the decreasing diameter of the spermatid nucleus \[[@bib4]\].

Alterations in spermiogenesis induce significant head defects in mammalian spermatozoa \[[@bib14]\]. An abnormal shape of the sperm head could be induced by ectopic placement of the manchette microtubules \[[@bib14], [@bib15]\]. Sperm head malformations have been reported in rabbits and rodents fed with high-fat diets \[[@bib3], [@bib4], [@bib7], [@bib9]\].

We previously found that sperm defects were the result of a defective development of the acrosome-manchette complex related to increased testicular cholesterol in rabbits \[[@bib6], [@bib7], [@bib15], [@bib16]\]. However, it remains to be clarified which molecular changes cause structural and ultra-structural alterations during this stage and the consequent modifications in the shape of the sperm head.

Other studies have shown testicular alterations among the changes found in a mouse model similar to the metabolic syndrome \[[@bib7], [@bib8], [@bib16]\].

Previously, we have developed a mouse model displaying many of the characteristics of human metabolic syndrome. However, to our knowledge, there are no studies linking chronic feeding with chicken fat, spermatogenesis, inflammatory status and possible consequences on male fertility. The objective of this work was to test whether the shape of the sperm head is affected during spermiogenesis in a mouse model chronically fed with a high-chicken fat diet as a result of a negative redox balance. To address the underlying mechanisms, we studied cholesterol accumulation, inflammation, and oxidative stress, along with histology and morphology of the sperm head.

2. Materials and methods {#sec2}
========================

2.1. Animal model {#sec2.1}
-----------------

Six-week-old male C57BL/6J mice were used in this study following our previous report \[[@bib2]\]. All experiments were carried out according to a protocol approved by the Institutional Committee for Use of Animals in Research of the National University of San Luis (Protocol\# B97/15) and followed the guidelines of the Guide for Care and Use of Laboratory Animals in Research (USNIH). Twelve mice were randomly grouped in two groups and kept at a temperature of 23 ± 3 °C with dark--light cycles of 12 h, food and water provided *ad libitum*, during 16 weeks. Mouse chow was purchased from GEPSA S.A. and contained 6% chicken-derived fat, 40.7% carbohydrates, and 24% protein. The HFD was prepared in our laboratory by adding 22% chicken-derived fat (Granja Tres Arroyos) \[[@bib2]\]. The final composition and caloric value of both diets are shown in Supplementary Table 1. Food analyses were performed as we previously reported \[[@bib2]\].

Body weight gain (g) was recorded once a week. Systolic (SBP) and diastolic (DBP) blood pressures were measured every 4 weeks with a non-invasive tail-cuff system by using a CODA Surgical Monitor (Kent Scientific Co. Connecticut, USA).

At the end of the feeding period, animals were fastened for 12 h and anesthetized with vapors of isofluorane. The epididymal fat depot was removed following a surgical procedure and weighed. In this paper, the weight of peri epididymal grease was used as a marker of lipid accumulation (Adiposity index). This epididymal grease weight was related to body weight following a previous paper (weight of epididymal fat pad (g)/body weight (g)\] ×100 and shown as AI%; \[[@bib2]\]).

2.2. Measurements of adipokines and lipids {#sec2.2}
------------------------------------------

On the last day, after 12 h of fasting and under anaesthesia, blood samples from the six mice of each experimental group were taken from the abdominal aorta and plasma was collected for biochemical analysis: Fasting glycemia, triglyceride (TG), total cholesterol (TC), and high-density lipoprotein cholesterol (HDL-c) were measured in at least three independent experiments using commercially available kits (Weiner Laboratories, Rosario, Argentina). Low-density lipoprotein cholesterol (LDL-c) was calculated as follows: LDL-c = \[TC-TG/5\]-HDL-c \[[@bib17]\]. The atherogenic index was calculated using the following formula: TC(mg/dl)/HDL-c(mg/dl) \[[@bib18]\]. As an indirect parameter of insulin resistance the TG/HDL-c index was calculated \[[@bib19]\].

2.3. Antioxidants in serum {#sec2.3}
--------------------------

Total antioxidant capacity (TAC) in serum from the six mice of each experimental group was measured in at least three independent experiments by an improved method that measures the quenching of the 2,2′-azino-bis-(3-ethylbenzothiazoline- 6-sulfonic acid) radical cation (ABTS^•+^) by both lipophilic and hydrophilic antioxidants present in serum. Reduced glutathione (GSH) concentration in serum was measured using a commercially available kit (Biovision Inc.). Oxidized glutathione (GSSG) was measured as GSH after treatment of the sample with GSH reductase following the manufacturer\'s instructions. Thiol status in serum is shown as the GSH/GSSG ratio. Catalase (CAT) - and total glutathione peroxidase (GPx) - specific activities were measured as described using Aebi\'s (REF) and Flohe and Gunzler\'s (REF) methods, respectively. The results are expressed as international units per milligram of total proteins (IU/mg proteins) \[[@bib2]\].

2.4. Markers of systemic oxidative stress {#sec2.4}
-----------------------------------------

As a marker of protein oxidation, protein carbonyls were determined as previously reported, for the six mice of each experimental group and in at least three independent experiments, using an enzyme linked immune-sorbent assay (ELISA) and the results are shown as nanomoles of carbonyl per milligram of total proteins (nmol/mg protein) \[[@bib20]\]. Lipid peroxidation was measured spectrophotometrically by determining malondialdehyde (MDA) concentration as thiobarbituric acid-reactive substances (TBARS) at 535 nm, and results are shown as micromoles of MDA per milligram of total proteins (μmol MDA/mg protein) \[[@bib21]\].

2.5. Markers of systemic inflammation {#sec2.5}
-------------------------------------

Nitrite and IL-6 concentrations were measured in serum from the six mice of each experimental group and in at least three independent experiments as markers of systemic inflammation. The concentration of nitrite in the serum was measured spectrophotometrically by using the Griess reagents \[[@bib22]\]. The results were shown as nmol of nitrite per milligram of protein (nmol NO~2~^−^/mg protein). Serum leptin, adiponectin and IL-6 were measured using an enzyme-linked immune-sorbent assay (ELISA) kits following the manufacturer\'s instructions (BioVision Inc., Milpitas, CA).

2.6. Histology {#sec2.6}
--------------

Small tissue samples of liver and testicle were obtained, fixed and processed by routine histological techniques. Tissue sections of 5--6 μm thickness were stained with hematoxylin--eosin (H&E) or preserved for cholesterol/filipin staining \[[@bib23], [@bib24], [@bib25]\]. Images were acquired using a Nikon 80i microscope. Some testicle samples were fixed with Bouin\'s fixative solution containing 2% v/v glutaraldehyde and processed for electron microscopy. Ultrathin sections were stained by lead-uranyl classical stain techniques and observed in Zeiss 902 electron microscope. All tissue sections were obtained from the six mice from each group and evaluated in at least three independent experiments.

2.7. Cholesterol staining {#sec2.7}
-------------------------

Testicle semi-thin sections from the six mice of each experimental group were incubated with 40 μl of filipin working solution (0.15 mM in PBS) during 60 min at room temperature (protected from light). Then samples were washed with PBS three times and immediately were mounted with antifade solution. Imaging was performed on an Olympus FV1000 confocal microscope (Olympus America Inc., Center Valley, PA, USA). Five microscopic fields of each section (n = 5) were chosen randomly for fluorescence intensity evaluation by ImageJ software (<https://imagej.nih.gov/ij/>) \[[@bib25]\]. Simultaneously, it was recorded the same images by Nomarkis\'s differential interference contrast (DIC) \[[@bib26]\].

2.8. Statistical analysis {#sec2.8}
-------------------------

Unless otherwise indicated, data are shown as mean values ± standard error of the mean (S.E.M.), with six mice from each group and from at least three independent experiments. All statistical comparisons were performed using the Student\'s *t*-test for independent groups. Differences were considered statistically different when p \< 0.05*.*

3. Results {#sec3}
==========

3.1. General characteristics of the animal model {#sec3.1}
------------------------------------------------

The body weight of the animals was similar at the beginning of the study (the initial weight of the mice used in this study was of 20 g), but after the 16-week feeding period HFD mice weight was greater than control animals. Epididymal fat depot was also significantly higher in HFD *vs* LFD mice, as well as adiposity index. No significant changes in blood pressure were observed between HFD and LFD animals. Basal glycemia was higher in the HFD group than in the LFD group, as well as total cholesterol, low-density lipoprotein and triglycerides. There was no difference between the HDL-c concentration and the atherogenic index between the two experimental groups. However, the indirect insulin resistance TG/HDL-c index was higher in the HFD when compared to the LFD group (Supplementary Table 2).

3.2. Redox and inflammatory profile {#sec3.2}
-----------------------------------

Systemic redox and inflammatory status were established by measuring changes in the antioxidant concentration and inflammation markers in serum of mice fed LFD or HFD for 16 weeks (Supplementary Table 3). Serum TAC was measured as a parameter of antioxidant content that may change by depletion of antioxidants due to increased detoxification of pro-oxidants and inflammation \[[@bib18]\]. The serum TAC of HFD animals decreased more than that of the LFD group (Supplementary Table 3). In order to assess systemic non-enzymatic antioxidant defenses, the GSH/GSSG ratio was measured in serum. The GSH/GSSG relationship in the HFD mouse serum was lower than that of the LFD group (p \< 0.001). To assess enzymatic antioxidants in serum, we measured the specific activity of CAT and GPx. Serum CAT and GPX activitieswere higher in the HFD group than in the LFD group (p \< 0.001).

Lipid peroxidation, a marker of lipid oxidation, was measured as TBARS (Supplementary Table 3). Serum TBARS in animals from the HFD group increased more than in the LFD group (p \< 0.001). Serum carbonyl concentration, a marker of protein oxidation, was also higher in HFD mice than in the LFD group.

As also shown in Supplementary Table 3, nitrites and IL-6 concentrations in serum from HFD were higher than LFD. However, HFD fed mice had increased leptin, but reduced adiponectin concentrations in serum. This serum profile of adipokines and IL-6 suggests a systemic inflammation and an insulin-desensitizing status.

3.3. Liver morphology {#sec3.3}
---------------------

Morphological analysis of liver sections clearly indicated that the HFD fed mice had a severe hepatic steatosis \[[@bib27]\] ([Fig. 1](#fig1){ref-type="fig"}), showing noticeable fat vacuoles in most liver cells ([Fig. 1](#fig1){ref-type="fig"}, inset B′, arrows). Instead, liver cells from LFD showed normal histo-architecture (Figs. [1](#fig1){ref-type="fig"} A and A′).Fig. 1HFD induced steatosis in C57BL/6J mice. H&E stained hepatic sections from LFD (A) and HFD (B) fed mice. Control mice show normal hepatocyte morphology with central nucleus and homogeneous eosinophilic cytoplasm (A′ insert) whereas HFD mice show hepatocytes with vacuolated cytoplasm (black arrows in B′). Magnification: A and B 250 X; A′ and B′ are three-fold enlarged images from A and B, respectively.Fig. 1

3.4. Effects of HFD on testicular morphological structure {#sec3.4}
---------------------------------------------------------

Morphological analysis of the testicles showed that HFD-fed mice had anomalous testicular architecture compared to control animals ([Fig. 2](#fig2){ref-type="fig"}). The seminiferous epithelium was disorganized ([Fig. 2](#fig2){ref-type="fig"}C, \#) showing a number of epithelial cells in an organization that appeared loosely arranged ([Fig. 2](#fig2){ref-type="fig"}B and F, dashed lines). Moreover, histological images of the seminiferous tubules of HFD-fed mice showed several empty areas ([Fig. 2](#fig2){ref-type="fig"}E, asterisks), and the interstitial tissue appeared enlarged with a noticeable increase in foamy cells, which accounts for lipid accumulation and localized inflammation ([Fig. 2](#fig2){ref-type="fig"}H and I, black arrows).Fig. 2HFD altered testicular morphology in C57BL/6J mice. Representative H&E images of LFD testicular tissue exhibit a normal histological morphology. Testicles from HFD mice show loosely arranged spermatogenic cells (dashed lines) on the seminiferous epithelium, epithelial disruption (\#), vacuoles in the testis (\*) and enlarged intersticium (black arrows). Magnification: A, B and C, 200 X; D, E and F, 400 X; and G, H and I, 600 X.Fig. 2

3.5. Cholesterol accumulation in testis {#sec3.5}
---------------------------------------

As we had previously observed in our hypercholesterolemic rabbit model \[[@bib3], [@bib4]\], an increase in the tissues cholesterol was observed under chronic feeding of C57BL/6J mice with an HFD ([Fig. 3](#fig3){ref-type="fig"}A). Filipin staining showed that the accumulation of cholesterol increased at all stages of seminiferous epithelial cells. The quantification of Filipin fluorescence intensity showed that the cholesterol content in the testes from HFD increased more than in the control group (Figs. [3](#fig3){ref-type="fig"}A and B).Fig. 3HFD increased cholesterol content in seminiferous tubules of C57BL/6J mice. A. Representative fluorescence micrographs of LFD and HFD mice showing cholesterol content inside seminiferous tubules detected by the filipin III probe (left) and differential interference contrast (DIC) images (right) acquired at 600 X. L, lumen; S, spermatogonia; C. spermatocyte; T. spermatid. B. Densitometric Filipin III flurecensce image analysis. Filipin positive areas of seminiferous tubules is shown as mean ± SD, normalized to LFD (1), n = 5. Asterisk indicates p \< 0.05.Fig. 3

3.6. Alteration of spermiogenesis in HFD fed mice {#sec3.6}
-------------------------------------------------

In order to characterize spermatogenesis anomalies in HFD mice at the ultra-structural level, testicles of HFD and LFD mice were studied by transmission electron microscopy (TEM). Sertoli cells from both groups were well organized (data not shown). In contrast, spermatogenic cells that progress through the stages of spermiogenesis, from round cell to elongated cell, showed morphological alterations.

As depicted in [Fig. 4](#fig4){ref-type="fig"}, the spermatids of LFD mice showed the acrosomal granule centrally located, equidistant from both acrosomic edges ([Fig. 4](#fig4){ref-type="fig"}A). In contrast, cells from HFD-fed mice showed an enlarged acrosome with an eccentrically localized acrosomal granule, unequally distanced from the edges ([Fig. 4](#fig4){ref-type="fig"}D). Subsequently in the spermatogenesis process, head elongation in a slight curvilinear direction was observed in the spermatozoa of control mice ([Fig. 4](#fig4){ref-type="fig"}B), as expected in the case of sickle-shaped spermatozoa heads. On the other hand, a remarkably curved head was observed in the spermatozoa from HFD mice ([Fig. 4](#fig4){ref-type="fig"}E). This particular arrangement could be explained because the edges of the acrosome are not equatorially situated in HFD at this stage. Instead, one edge is placed ahead of the other, towards the future connection between the head and tail (arrows in [Fig. 4](#fig4){ref-type="fig"}B and E). The arrangement of these borders is thought to be species-specific, particularly for the sickle-shaped head of mouse sperm. The sperm-forming heads of HFD-fed mice, however, showed an abnormal (greater) distance between the two edges (black arrows in [Fig. 4](#fig4){ref-type="fig"}E).Fig. 4HFD altered sperm acrosomal development in C57BL/6J mice. Representative transmition electron micrographs of seminiferous epithelium of mice fed either an LFD (A, B, C) or an HFD (D, E, F) for 16 weeks. A) Symmetrical and D) asymmetrical expansion of acrosomal vesicle from Golgi granule (the central axis is delineated by dashed lines), elongation of both acrosomal edges (arrows in B and E) and circumferential border (C and F; MR: marginal ring, PR: perinuclear ring, \*: circumferential groove). Magnification: A, B, D and E, 18000 X; C and F, 32000 X.Fig. 4

In control mice, perinuclear ring (PR) of the manchette was placed adjacent to the marginal ring (MR) of the acroplaxome and a peri-nuclear groove marks the acroplaxome-manchette boundary ([Fig. 4](#fig4){ref-type="fig"}C, asterisk). However, in sperm cells from HFD mice these structures showed a visibly disorganized architecture ([Fig. 4](#fig4){ref-type="fig"}F). Both rings lost their normal arrangement, and the groove was found anomalous and displaced.

4. Discussion {#sec4}
=============

Here we use a mouse model to test whether a chronic fat diet causes changes in the morphology of the sperm head, which may affect fertility function. To achieve this aim, we used our previously characterized experimental model of mice fed HDF or LFD for 16 weeks. To our best understanding, we show for the first time that chronic feeding with a HFD caused sperm head alterations as assessed by histological and ultra-structural analyses, along with systemic oxidative stress/inflammation and fatty liver histological pattern.

The number of studies relating obesity to alterations in the parameters of spermiogenesis has begun to increase exponentially due to the low fertility observed in overweight and obese men \[[@bib9], [@bib28]\]. Recently, we informed that hypercholesterolemic rabbits showed sperm head defects under a HFD \[[@bib3], [@bib4]\]. These spermatogenic defects were prevented by reducing dietary fat and supplementing with olive oil \[[@bib4], [@bib29]\]. This and other evidences \[[@bib1], [@bib13], [@bib30]\] suggest that systemic oxidative stress and inflammation may play a key role in the accumulation of cholesterol in the testicles, as well as cytoskeleton disorganization during spermiogenesis.

The diet-induced obesity mouse model used in this study was successfully established by feeding C57BL/6J mice with a diet enriched in 22%v/w chicken fat during 16 weeks. Compared to control, mice fed HFD showed higher body weight gain, increased adiposity, total cholesterol, TG and LDL-c concentrations in the plasma and fatty liver \[[@bib2]\]. These animals also showed systemic inflammation/oxidative stress and insulin resistance.

High serum leptin in this model is related to the obese condition. Moreover, leptin is reported to modulate human Sertoli cells \[[@bib31]\]. In this sense, human Sertoli cells dramatically decrease the production of acetate under leptin increasing \[[@bib32]\]. In this particular case, the Sertoli cell exerts a high influence on spermiogenesis and therefore some effect should not be ruled out. Adiponectin\'s effects on spermatozoa seem to be beneficial, as it was stated for lean men, although it is difficult to attribute to a cytokine a specific change in the spermiogenesis process.

Adiposity and associated pro-inflammatory status in male mice can induce testicular inflammation through activating several different signaling pathways \[[@bib33]\]. This contributes to the deregulation of spermatogenesis and other functions of testicular cells \[[@bib28], [@bib34], [@bib35]\]. Accordingly, our results indicate that chronic feeding of mice with a diet supplemented with chicken fat can cause systemic oxidative stress and inflammation, as well as a regional inflammatory reaction in the male genital tract, where the microenvironment is essential to support sperm production and function \[[@bib7]\]. It is also known that systemic inflammation can damage the male genital tract by increasing the generation of reactive oxygen species by innate immune cells that infiltrate the seminiferous epithelium \[[@bib36], [@bib37], [@bib38]\]. Consequently, the pattern of systemic oxidative stress/inflammation and dyslipidemia, as shown in this study, could affect normal morphology of the sperm head.

An altered mammalian spermiogenesis affects fertility by causing pleiotropic-head defects during spermatozoa production \[[@bib37]\]. An abnormal head shape can be caused by an anomalous shape of the nucleus due to the ectopic position of the manchette\'s microtubules \[[@bib39]\]. This probably causes an alteration in the anchorage of the microtubules (as seen in rabbits), which probably results in the abnormal shape of the sperm heads \[[@bib4], [@bib29]\].

Several authors have reported sperm malformations in this and other diet-induced obesity models \[[@bib3], [@bib7], [@bib9]\]. However, it remains unclear what molecular changes lead to structural and ultra-structural changes during acrosomic development \[[@bib4]\]. Interestingly, our results indicate that an increase in the accumulation of cholesterol in the testicles of mice fed HFD might be the cause of structural changes and altered sperm heads \[[@bib3], [@bib4], [@bib40]\]. This high cholesterol concentration could modify the lipid-protein arrangement that characterizes raft membranes, which would eventually modify the function of the microdomains \[[@bib4], [@bib40]\]. During spermatogenesis, it is not well understood at present how the microtubules of the manchette bind to the lipids of the membrane. However, the actin filaments and their regulating proteins, which act as a bridge between microdomains and microtubules, are probably involved \[[@bib14]\]. Indeed, the correct disposition of lipids seems to be crucial for the accurate functioning and location of the manchette. The accumulation of cholesterol in the testicles and the altered organization of the manchette are therefore responsible for the altered shape of the sperm and the consequent lack of fertility capacity.

In conclusion, our results indicate that a chronic feeding with a diet supplemented with chicken fat causes systemic inflammation/oxidative stress, dyslipidemia, fatty liver and an altered spermiogenesis. In this study, we provide evidence that the alterations in spermiogenesis involve an increase in cholesterol in the membrane and disorganization of the manchette, resulting in an alteration in the morphology of the sperm head. Such a scenario may eventually damage the fertility functions of mature gametes in obese humans. Greater effort must be made to establish the molecular mechanisms involved in fat-induced alterations in sperm shape and quality, but it certainly involves cell membrane cholesterol and manchette dysfunction.
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